PMID OBSERVER DESIGN FOR UNKNOWN INPUT GENERALIZED DYNAMICAL SYSTEMS
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Abstract: A new design approach of observer is proposed for generalized dynamical
systems with unknown input disturbances. By introducing proportional gain,
derivative gain and multiple-integral gains, the estimation error dynamics can be
guaranteed to be internally proper stable and the disturbance can be de-coupled
successfully. The system state and the input disturbance can be asymptotically
estimated simultaneously. The proposed observer is then extended to the bilinear
generalized system case, bilinear time-delay generalized system case, and is also
applied to estimate both system states and output noises for normal system case.
Finally, an illustrative example is included. Copyright © 2005 IFAC
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1. INTRODUCTION

Consider the following linear time-invariant

generalized dynamical system

Ex = Ax+ Bu+ Nd
(1)

y=Cx
where xeR” is the generalized state vector,
ueR™ and yeR” are the control input and
measured output vectors, respectively, and d € R* is

the unknown input disturbance vector. The matrix £
may be singular, i.e., rank(E) <n.

This work is supported partially by the Alexander
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For ensuring the unique solvability, the pair (E, A)
is assumed to be regular, that is, det(sE—A4)#0 ,
ds € C (C denotes the set of all complex numbers).

For E =1, the system (1) reduces to a normal system
directly, which means that generalized dynamical
system is a class of more general systems. Generalized
dynamical system arises from a convenient and natural
modeling process, and many applications can be found
in economic systems, electrical circuit, chemical
process and robotic systems etc (Dai, 1989). During
the past several years, some results have been reported
about the observer design for generalized dynamical
systems with unknown input disturbances either by
using proportional (P) gain (Darouach, 1996),
proportional and integral (PI) gains (Busawon et al,
2001; Koenig et al, 2002), or the parameterization
technique (Gao, 1999; Gao 2005). Recently, multiple-



integral approach was proposed by Jiang et al (2002)
for the observer design of normal systems, which can
de-couple a large class of input disturbances. The
multiple-integral technique and singular observer
approach were synthesized in the reference (Gao et
al, 2004) and a PI multiple-integral observer was
proposed for singular systems with both input
disturbances and output disturbances. Multiple-
integral technique was also utilized to investigate
robust state estimation for single-output normal
systems with both measurement errors and
unmodeled dynamics by Ibrir (2004).

In this paper, a new unknown input observer
approach is presented. For avoiding the undesired
impulsive behavior in observer design of generalized
dynamical systems, derivative (D) gain is introduced.
Multiple-integral technique is used simultaneously
for attenuating or de-coupling a large class of
disturbances. As a result, a new type of observers,
that is PID multiple-integral observer or called PMID
observer, is proposed in this study. The presented
PMID observer is causal and the estimated error
dynamics can be guaranteed to be internally proper
(regular and impulse-free) and stable.

2. DESIGN PROCEDURES

Without loss of generality, the input disturbance d(¢)

is assumed to have the following polynomial function
form (Jiang et al, 2000; Gao et al, 2004):

d=Ay+Ait+ Apt” +- 4,17 (2)

where 4; (i=0,1,2,...,9—1) are unknown constant
matrices. It is clear that the ¢” derivative of the

disturbance d equals to zero, i.e., d @ =0 . Now we
construct a PMID observer as follows:

Ex= AR+ Bu+Lp(y-C)+Ly(7-CO)+N f,
Jo=Li(=C+ [,

A

Soa = L?_l (y_C)%)+fA‘q—2
fr=L-Co+ i
fi=Ly(y-Cd)

3)
where xeR” is the estimated vector of the
generalized state vector x ; j}l eRf (i=1,2,...,9
is an estimation of the (g —i )" derivative of the
disturbance d ; Lp, Ly and Li[ (i=12,...,9) are

the proportional, derivative, and integral gains with
appropriated dimensions, respectively.

Let e, =x—% and ¢, = f, —d“™" (i=1,2,....q) .
Then from (1) and (3), one has

(E+LpC)e=(A-LC)e 4)
where

E:[(es)T’ (e’ (), (eq)T]TeR’”kq,

Z = [(LP)T’ (LII)T, (L%)T, (L‘;)T]r c R(n+kq)><p ,

L=y, 0. 0, of crus
C = [C, 0, 0, ()] e RPHka)
S 0 o
0 I, 0
E — : c R(n+kq)><(n+kq) ,
0 0 « I, 0
0 0 0 I,
o )
0 0 - 0
A=|0 I, 0 0 |eRUHUHD 0 (5)
10 0 -~ I, 0

I, denotes an k x k identity matrix, (L)" represents
the transpose of the matrix L . There exist gains L, D
and L such that (E +ZD6) is non-singular and the
pair (E +L Da A—-LC) is stable provided that the
triple (E, A4, C)is completely observable in terms

of the previous work by Gao (2003). Moreover, the
completely observability means that

rank|(E)T, (©) | =n+kq 6)

and

rank[(sE~4)7, (©)] =n+kg, VseC. ()

According to (5), the conditions (6) and (7) hold if and
only if

ank|(E) . (©) | =n. ®)

rank[sE- 4)7, (7] =n.s20.5eC.(9)



and

A N
rank( j:n+k. (10)
c 0

To summarize, we have the following theorem.

Theorem 1. If the plant (1) is completely observable
and the equation (10) is satisfied, the PMID observer
in the form (3) can be designed such that the
estimation error dynamics in (4) is regular, impulse-
free and asymptotically stable. [

Remark 1. Under the assumption (6) or (8), the
inverse of (E +ZD5) exists for almost all

L, € R"H )P Thys, the derivative gain L, can be

chosen easily such that (E + L, DE ) is non-singular.
After that, one can select the gain L to assign the
poles of the matrix (E—kZDE)_](Z—Z(_?) arbitrary
under the controllability condition (7) or (9)-(10). For

ensuring the internal properness and stability of the
estimation error dynamics, the completely

observability condition for (E, A, C) can be

replaced by the completely detectability condition,
ie.,

rank|(E), (©)[ =n+kq (11)

and

rank[sE - D)7, (©) | =n+kq. vsec, . (12)

where C, denotes the closed right-half complex

plane. Using E , A and C defined in (5), Egs. (11)
and (12) are equivalent to

ank|(E), (©7 [ =n, (13)
and
sE—4 —-N
rank| O sl |=n+k, VseC,. (14)
C 0
]
Let
z=(E+L,O)x—Lpy, (15)
then

F=(E+LpC) ' z+(E+LpyC) ' Lyy. (16)

Substituting (16) into (3), one has the following
modified PMID observer

z=(A-LpCYE+LC) " z+ Bu

+[Lp +(A=LpC)E+LpC) ' Lply+ N f,
F=(E+LpC) ' z+(E+L,O) 'Ly

A

[ =Liy-CD+ [,
foa =L (r=CO+ £,

o =2 (y-CD)+
fi=Li(y-C%) .

0]

Thus, one can present the following theorem:

Theorem 2. Under the assumptions (8)-(10) or (13)-
(14), the modified PMID observer in the form of (17)
can be designed such that the estimation error
dynamics in (4) is regular, impulse-free and
asymptotically stable. [

Remark 2. Notice that there are not the derivative
terms of the output y in the observer (17). Therefore,

this modified observer (17) is preferable in control
applications.

Remark 3. When d9 =0, but d is bounded, the
error equation becomes

(E+LpCle=(A-LCe-NdP  (18)
where N=(0 I ¢ 0 0)" . From the above
equation, the bounded d'? is only affected by the
known matrix N . Therefore, one can choose a
derivative gain L, such that (18) is normalized, and

then select a reasonable high gain L such that the
stabilizing term prevails over the perturbed term

Nd' . Consequently, the proposed PMID observer
has a good robust tracking performance against any
input disturbances approximated by (2).

Remark 4. For a normal system both with input
disturbances and output disturbances

X = Ax+ Bu+ Nd
{ (19)

y=Cx+d
where (C, A) is observable pair (or detectable pair)

A N
rank| =n+k.
Cc I

We can consider the following augmented generalized
dynamical plant



Ex :NAx + Bu + Nd (20)
y=Cx
where
~ (I 0
= er™ E = ,
d 0 0
~ (4 0 ~ (B
= b B: b
0 -1 0
N ~
N:(IJ and C=(C 1).
Notice that
ank|(B)", (&) [
I, 0
=rank| 0 O |=n+k , 21
c I,
and
sE-4 -N
rank| 0 sl
cC 0
sI-4 —-N
=rank| O sl |+k
C 1
rank +k
_C I_
(51— A
rank +2k, s#0, seC(orC,)
L C .
=n+2k,VseC(orC,). (22)

(E A E) is thus completely observable (or
detectable) where £ , 4 and C are defined in (5)
only with the sub-matrices £, 4, C and N being
replaced by E, 4 , C and N, respectively.
Therefore, for the plant (20), we can use the present

technique to construct PMID observer in the form of
(3) or (17) (provided that £, 4, B, C and N are

replaced by E , A , B , C and N , respectively).

Thus, the system state and the disturbance of (19) can
be estimated asymptotically at the same time.
Consequently, this kind of observers can be utilized to
estimate the measurement output noise for a normal
system.

Remark 5. For a generalized bilinear dynamical
system with input disturbances

m
Ex = Ax + ZDixui + Bu + Nd

i=1 (23)

y=Cx

where w; , (i=1,2,...,m), is the component of the
control input vector « and the assumptions (8)-(10)

C
or (13)-(14) hold. Suppose rank[D

i

] =rank(C) and

choose G, =D,C* (i=1,2,...,m) with C* being the
generalized inverse of C, we can construct the PMID
observer as follows:

E)ézA)?+ZGiyui +Bu+Lp(y—Cx)
i=1
+Ly(7-C)+N f,
fq =L} (y_C)E)"‘fq—l (24)
Ja =L =D+ fy

o= L (y-C+
fi=Lh(y-C¥)

or

t=(A-LpCYE+LpC) 'z
+[Lp +(A=LpyCYE+L,C) 'Ly
+iuiGi]y+Bu+qu

%= (EiiLDC)*‘z+(E+LDC)*1LDy

fy = =GR+ /o @3

<Aq71 = L(;_l (y - C)%) + .}‘q—Z

fr =2 (y-C+ i
fi=L(y-Cd) .

In this case, the estimation error dynamic is governed
by (4) or (18). Thus, the observer (24) or (25) has a
good robust tracking performance against any input
disturbances approximated by (2).



Remark 6. For a generalized time-delay bilinear
dynamical system with input disturbances

m /

Eit=Ax+ Y Dixu;+ Y Agx(t—7,)+Bu+Nd
i=l1 i=l1

y=Cx

(26)

where u;, (i=1,2,...,m), is the component of the
control input vector u ; 7; , (i:1,2,...,1), is a

constant delay duration; the assumptions (8)-(10) or
(13)-(14) hold.

C C
Suppose rank[ J = rank(
D, A

J—rank(C) and choose
di

G[ ZD[C‘Jr (l = 1, 2,...,m) N and Hdi :Adl-CJr
(i =1,2,...,1 ) , one has the following PMID
observer:

E)é:A)?+iGiyui +Bu
] i=1
D Hyy(t=1,)+ Lp(y—CH)
:ILD(y'—c)é)+qu

J =L =-CD+ @7)

j}q—l = L‘;_l (y - C)’e) + qu72

o= L=+,
fi=Ly(y=C3)

or

2=(A-LpCYE+LpC) 'z
+[Lp +(A—LP§‘)(E+LDC)‘1 Ly
+ ) wGly+ Y Hyy(t—1))
+;;+qu "

$=(E+L,C) ' z+(E+L,O)'L
D D DY 28)

A

fq :Lc}(y_cjé)—"_fq—l
foa =L r-CO)+

J}z =L%(y—C)2)+f1
fi=Li(y-Cd) .

In this case, the estimation error dynamic is also

governed by (4) or (18). Thus, the observer (27) or

(28) has a good robust tracking performance against
any input disturbances approximated by (2).

3. ILLUSTRATIVE EXAMPLE

Consider the plant in the form (1), where
! 2 -1
E = ) A = B
10 0} [— 1 - 2}
11 10
B= , N= ,
0 1} {0 1}

2 1} {2 sin(t)}
C= , U= ,
10 1 3cos(?)

0.05¢+1.2
d= ] . (29)
0.02sin(2¢) +1
Observe that
0 1
E 00
rank] =rank| -~~~ |=2=n,
C 2 1
0 1
-2 s+1
SE—A 1 2
rank =rank ~--|=2=n , VseC ,
2 1
0 1
and
2 —1;1 0
A N -1 -2i0 1
rank] =rank| - =4 =p+k
cC 0 2 1:i0 0
1:0 0

That is, the conditions (8)-(10) are satisfied. Moreover,
it is noted that d® ~0, i.e., ¢g=2 . Thus, we can
design a PMID observer (3) with g =2 . We choose

o

Ly =
10.4160
LP :|:

—4.8489
-0.3720 52119 |’

1 _[33:4207 —89.4206
71 44925 -4.8389 |
2 _[303378 —50.6435

T711.8729  8.9709



such that the poles of (4) are —-1+i , -1-i, -2,

Fig. 1. The states and their estimates

The observer can be obtained as follows:

—9.4160 12.2649 10000  7.4160
2: zZ+ y
—0.1280 —6.5840 —05000 —13720
11 1 0],
+ u+ 1
0 1 0 1]
05000 —1.0000] [0.5000 —1.0000
X = z+
0 10000 | | 0 1.0000
334207 —89.4206 ] A
= (y—Cx)
44925 —48389 |
303378 —50.6435 .
= -0+ 1 .
18729 89709
(30)

Figures 1 and 2 respectively show the tracking
performance of the state and disturbance. It can be
seen that the tracking performance is satisfactory.

4. CONCLUSION

A new type of observer, that is, PID multiple-integral
observer or called PMID observer, is presented for
generalized dynamical systems, which allows us to
asymptotically estimate the system state and de-
couple unknown input disturbances successfully. The
estimates of the system sate and input disturbance
can be obtained simultaneously. The bilinear PMID
observer has also been designed. The proposed PMID
observer can be applied to estimate the output noise

or the sensor fault for normal systems. This design will
be useful in some control topics such as observer-
based control and fault detection and fault tolerant
control etc.
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Fig.2 The disturbances and their estimates
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